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Abstract

Two polymorphs of an organic-inorganic hybrid compound, Fe(2,2'-bpy)(HPO,4)(H,PO,) (1 and 2) (2,2"-bpy = 2,2’-bipyridine), have
been synthesized by hydrothermal methods and structurally characterized by single-crystal X-ray diffraction, thermogravimetric
analysis, and magnetic susceptibility. Crystal data are as follows: Polymorph 1, monoclinic, space group P2;/n (No. 14), a = 10.904(2) A
b=6.423(1)A, ¢ =19.314(3) A, p =101.161(3)°, and Z = 4; Polymorph 2, monoclinic, space group P2;/c (No. 14), a = 11.014(1) A,
b =15.872(2) A, c= 8.444(1),&, p =109.085(3)°, and Z =4. Polymorph 1 adopts a chain structure in which each iron atom is
coordinated by two nitrogen atoms from 2,2’-bpy ligand and four phosphate oxygen atoms. These infinite chains are extended into a 3-D
supramolecular array via n—7 stacking interactions of the lateral 2,2’-bpy ligands. The structure of polymorph 2 consists of the same
building units, namely FeO4N, octahedron, HPO, and H,PO, tetrahedra, and 2,2’-bpy ligand, which are linked through their vertices
forming an undulated sheetlike structure with 4,12 network. Adjacent layers are extended into a 3-D array via n—= stacking interactions
of the aromatic groups. Magnetic susceptibility measurement results confirm that the iron atoms in both compounds are present in the

+ 3 oxidation state.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Recently, many research activities have focused on the
synthesis of open-framework metal phosphates with
organic ligands. The underlying idea is to combine the
robustness of inorganic phosphate frameworks with the
versatility and chemical flexibility of organic ligands. Such
organic-inorganic hybrid compounds can also combine
characteristics of each component to produce novel
structural types. It has been established that oxalate readily
substitutes for phosphate in the skeleton of inorganic
phosphates forming a large number of oxalate—phosphate
hybrid compounds [1]. Another class of organic—inorganic
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hybrid compounds is based on 4,4'-bipyridine and phos-
phate, in which the metal cations are coordinated by both
types of ligands [2]. In these structures, the 4,4-bpy unit
can act as a diprotonated counter cation, a monoproto-
nated pendant ligand or as a neutral bridging ligand.
About half of the reported structures in this system consist
of metal phosphate layers pillared by 4,4'-bpy ligands. This
structure type exhibits the characteristic pattern of alter-
nating organic—inorganic domains often observed in metal
organophosphonate phases. Recently, we were interested in
using 2,2'-bipyridine (2,2’-bpy) or 1,10-phenanthroline
(phen) to synthesize new organic—inorganic hybrid com-
pounds, and have isolated the first fluorinated metal
phosphates with bpy ligand, namely Fe,F5(2,2’-bpy)
(HPOy4),(H,0) and the gallium analog [3]. We have also
synthesized two new compounds in the Ga/phen/POy
system with chain structures and applied *H MAS NMR
spectroscopy to study the very short hydrogen bond [4].
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A good number of metal phosphates with bpy and phen
ligands have been reported by other researchers [5]. Herein,
we describe the synthesis and structural characterization
of two new polymorphs in this family, Fe(2,2'-bpy)
(HPO4)(H,PO,) (denoted as 1 and 2). This is the first
example introducing the polymorphs of the metal phos-
phates incorporating 2,2’-bpy ligands.

2. Experimental section
2.1. Synthesis and initial characterization

The hydrothermal reactions were carried out in Teflon-
lined stainless steel Parr acid digestion bombs under
autogeneous pressure. All chemicals were purchased from
Aldrich. A reaction mixture of FeCls - 6H,O (1 mmol), 2,2'-
bipyridine (5mmol), (NH4)H,PO,; (4mmol), H;POy4
(2mmol), TEABTr (tetracthylammonium bromide, 2 mmol),
ethylene glycol (3mL) and H,O (9mL) was heated at
165°C for 3 days followed by slow cooling to room
temperature at 10°C/h. The pH values of the solution
before and after the hydrothermal reaction were 4.6 and
3.5, respectively. The solid product was filtered off, washed
with water, rinsed with ethanol and dried at room
temperature to give yellow—green prismatic crystals of 1
with 78% yield based on iron. The X-ray powder pattern of
the bulk product was in good agreement with the
calculated pattern based on the atomic coordinates derived
from single-crystal X-ray diffraction (Fig. Sl(a)) thus
suggesting it to be monophasic. Powder X-ray data were
collected on a Shimadzu XRD-6000 powder diffractometer
with CuKo radiation equipped with a scintillation detector.
Data were collected in the range 5°<26<50° using 6—26
mode in a Bragg—Brentano geometry. Elemental analysis
confirmed its stoichiometry. Anal. Found: C, 29.65; H, 2.74;
N, 6.87%. Calc.: C, 29.08; H, 2.66; N, 6.92% for 1. We
have also carried out the same reactions without TEABr in
the reaction mixture, but unable to get the polymorph 1.

Yellow—green columnar crystals of compound 2 were
obtained with a yield of 90% by heating FeCl;-6H,0
(1 mmol), 2,2'-bipyridine (2 mmol), (NH4)H,PO,4 (3 mmol),
H;PO,4 (2mmol), ethylene glycol (3mL) and H,O (9mL)
under the same reaction conditions as those for 1. The pH
values of the solution before and after the hydrothermal
reaction were 3.7 and 3.3, respectively. The product was
mononphasic as indicated by powder X-ray diffraction
(Fig. S1(b)). Elemental analysis confirmed its stoichiome-
try. Anal. Found: C, 29.07; H, 2.88; N, 6.61% Calc.: C,
29.08; H, 2.66; N, 6.92% for 2.

Thermogravimetric analysis was performed on a Perkin-
Elmer TGA7 thermal analyzer; the sample was heated in
flowing oxygen from 50 to 350 °C at 10 °C/min followed by
subsequent change to 5°C/min from 350 to 900 °C. The
change to a lower heating rate can reduce the time lag
between furnace and specimen temperatures so that the
specimen is fully oxidized in the temperature range. DSC

measurements of both 1 and 2 between room temperature
and 300 °C did not reveal a phase change.

2.2. Single-crystal X-ray diffraction

Yellow—green crystals of dimension 0.25x0.23 x
0.06mm?® and 0.15 x 0.06 x 0.06 mm? for 1 and 2, respec-
tively, were selected for indexing and intensity data
collection on a Siemens Smart-CCD diffractometer
equipped with a normal focus, 3kW sealed tube X-ray
source at room temperature. Empirical absorption correc-
tions based on symmetry equivalents were performed by
using the SADABS program for the Siemens area detector
(T'min/max = 0.745/0.899 for 1; 0.842/0.956 for 2) [6]. The
two structures were solved by direct methods and refined
by full-matrix least-squares on F>. The iron and phos-
phorus atoms were first located, and the carbon, nitrogen
and oxygen atoms were found in subsequent difference
Fourier maps. Bond-valence calculations indicate that
O(1), O(6) and O(8) in 1 and O(1), O(5) and O(6) in 2
are hydroxyl oxygen atoms [7]. The hydrogen atoms, which
are bonded to carbon atoms, were positioned geometrically
and refined using a riding model with fixed isotropic
thermal parameters. The final cycles of least-squares
refinement included atomic coordinates and anisotropic
thermal parameters for all non-hydrogen atoms. The
reliability factors converged to R; =0.0505, wR, =
0.1319, and S=1.091 for 1 and R; =0.0643, wR, =
0.1130, and S =1.050 for 2. All calculations were
performed using SHELXTL Version 5.1 software package
[8]. The crystallographic data are given in Table 1 and
bond distances in Table 2.

Table 1
The crystallographic data for Fe(2,2'-bpy)(HPO,4)(H,PO,) (1 and 2)
1 2
Chemical formula CIOHI ]NzOngFC C]OH] |N208P2FC
alA 10.904(2) 11.014(1)
b/A 6.423(1) 15.872(2)
/A 19.314(3) 8.444(1)
B/deg 101.161(3) 109.085(3)
V/A3 1327.0(4) 1395.1(3)
VA 4 4
Formula weight 405.00 405.00
Space group P2;/n (No. 14)  P2;/c (No. 14)
T, K 296 296
A(MoKa), A 0.71073 0.71073
Deqier g/em?® 2.027 1.928
w(MoKa), cm ™! 14.3 13.6
Number of reflections collected 8058 8815
Unique data (I>2a(1)) 1926 1950
Number of least-squares parameters 209 208
R1? 0.0505 0.0643
WR," 0.1319 0.1130

aIzl = ZHFQ‘_‘FLH/Zlﬁy‘

PWRy = [EW(E2— F2/Ew(F)]'2, w = 1/[c*(FD) + (@P)* + bP), P = [Max
(F2,0)+ 2(F.)*)/3, where a = 0.0587 and b =0 for 1 and a = 0.0218 and
b =2.64 for 2.
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Table 2

Bond lengths (A) for Fe(2,2-bpy)(HPO,)(H,PO,) (1 and 2)*

Compound 1 Compound 2

Fe(1)-O(7) 1.928(3) Fe(1)-O(7) 2.008(4)
Fe(1)-0O(2) 1.930(3) Fe(1)-0O(2) 1.916(3)
Fe(1)-O(4) 1.975(3) Fe(1)-O(4) 1.971(4)
Fe(1)-O(3) 2.050(3) Fe(1)-O(8) 1.926(3)
Fe(1)-N(1) 2.154(4) Fe(1)-N(1) 2.153(4)
Fe(1)-N(2) 2.184(4) Fe(1)-N(2) 2.164(4)
P(1)-0O(1) 1.573(3) P(1)-0O(1) 1.572(4)
P(1)-0(2) 1.521(3) P(1)-0(2) 1.519(4)
P(1)-0(3) 1.541(3) P(1)-0(3) 1.531(4)
P(1)-O(4) 1.515(3) P(1)-O(4) 1.497(4)
P(2)-0(5) 1.504(3) P(2)-0(5) 1.548(4)
P(2)-0(6) 1.547(3) P(2)-0(6) 1.550(4)
P(2)-O(7) 1.508(3) P(2)-O(7) 1.488(4)
P(2)-0O(8) 1.564(3) P(2)-O(8) 1.505(3)
O(1)-H(O1) 0.908 O(1)-H(O1) 0.950
O(6)-H(06) 0.986 O(5)-H(O5) 1.000
O(8)-H(08) 0.968 O(6)-H(06) 1.141
N(1)-C(1) 1.350(6) N(1)-C(1) 1.314(7)
N(1)-C(5) 1.356(6) N(1)-C(5) 1.368(7)
N(2)-C(6) 1.343(6) N(2)-C(6) 1.342(7)
N(2)-C(10) 1.335(6) N(2)-C(10) 1.323(7)
C(1)—C(2) 1.370(7) C(1)-C(2) 1.378(8)
C(2-C@3) 1.364(8) C(2-C(3) 1.37(1)
C(3)C@4) 1.395(7) C(3)-C4) 1.37(1)
C4)-C(5) 1.386(6) C4)—-C(5) 1.381(8)
C(5)-C(6) 1.492(6) C(5)-C(6) 1.452(9)
C(6)-C(7) 1.379(6) C(6)-C(7) 1.402(8)
C(7)—C(8) 1.382(7) C(7)-C(8) 1.36(1)
C(8)-C(9) 1.368(8) C(8)-C(9) 1.35(1)
C(9)-C(10) 1.385(7) C(9)-C(10) 1.386(9)

“The C-H bond lengths are 0.93 A.

2.3. Magnetic susceptibility measurements

Variable-temperature magnetic susceptibility y(7) data
were obtained on suitable amount of polycrystalline
samples of 1 and 2 from 2 to 300K in a magnetic field of
5000 G after zero-field cooling using a SQUID magnet-
ometer. Correction for diamagnetism was made according
to Kahn [9].

3. Results and discussion
3.1. Crystal structures

3.1.1. Fe(2,2'-bpy)(HPO,)(H,PO4) (1)

Polymorph 1 crystallizes in the monoclinic space group
P2;/n with unit cell content of four formula units. All
atoms are at general positions. Fig. 1(a) shows the
coordination environment of Fe(l). The Fe atom is
octahedrally coordinated by one bidentate 2,2’-bpy and
four phosphate ligands. Compound 1 has a chain structure.
The fundamental building unit includes a FeO4N, octahe-
dron, 3 HPOy tetrahedra, 1 H,POy, tetrahedron and a 2,2'-
bpy ligand. The connectivity between these units is made
by HP(1)O4 group that joins neighboring three iron

(b)

Fig. 1. The coordination environment of Fe atom in the structure of 1 (a)
and 2 (b). Thermal ellipsoids are shown at 50% probability. Small open
circles represent H atoms.

octahedra to form infinite chains parallel to the [010]
direction (Fig. 2). Each H,P(2)O4 group has one oxygen
bridging to FeO4N; and extends away from the chain as a
pendant group, which accounts for the relatively larger
thermal parameters of the atoms in the group. Of the
remaining three P(2)-O bonds, the longer two constitutes
the P-OH groups, while the third is a terminal P-O bond
possessing multiple bond character (P(2)-O(5) = 1.504 A).
The infinite chains are held in position by hydrogen bonds
between the pendant H,PO, groups and attractive inter-
molecular aromatic interaction between 2,2'-bpy ligands
into a 3-D supramolecular array (Fig. 3). Adjacent 2,2'-bpy
ligands are parallel and separated around 3.7 A, which
indicates significant 7—= interaction.
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Fig. 2. Projection of the structure of 1 onto the ac-plane. The yellow and
green polyhedra are iron octahedra and phosphate tetrahedra, respec-
tively. Key: black circles, C atoms; orange circles, N atoms; small open
circles, H atoms.

Fig. 3. Sections of two infinite chains in 1 showing n—n stacking
interactions between neighboring 2,2'-bpy ligands from adjacent chains.

3.1.2. Fe(2,2-bpy)(HPO,)(H,PO,) (2)

Polymorph 2 crystallizes in the monoclinic space group
P2,/c with unit cell content of four formula units. Fig. 1(b)
shows the coordination environment of Fe(1). The Fe atom
is octahedrally coordinated by one bidentate 2,2'-bpy, two
H,PO4, and two HPO,4 ligands. Each of the two
independent P atoms makes two P—-O-Fe linkages. Poly-
morph 2 has a layer structure. The fundamental building
units include one FeO4N, octahedron, 2 HPO, tetrahedra,
2 H,PO, tetrahedra, and one 2,2’-bpy ligand. These units
are connected to form 4- and 12-membered rings within a
layer, as shown in Fig. 4. Each iron phosphate layer is
joined with 2,2'-bpy ligands projecting above and below
into the interlamellar region (Fig. 5). Neighboring 2,2'-bpy
ligands from two adjacent layers have a structure of zig-zag
stacking and separated around 3.4A, indicating strong
attractive intermolecular aromatic interaction. Thus, iron
phosphate layers are extended into a 3-D supramolecular
array via n—m stacking interactions of the 2,2’-bpy ligands.

Fig. 6 is a schematic representation of a chain in 1 and a
layer in 2. The structure of 1 consists of four-membered

Fig. 4. Section of a layer in 2. The yellow and green polyhedra are gallium
octahedra and phosphate tetrahedra, respectively. Key: black circles, C
atoms; orange circles, N atoms; small open circles, H atoms.

rings formed by two Fe(1)O4N, octahedra and two
HP(1)O4 tetrahedra via corner-sharing and there is
H,P(2)O,4 attached to each metal atom as a pendant group.
An analogous chain has also been observed in several
metal phosphates with phen ligand, namely [Ga(phen)
(HPO4)(H,POy4)]- 1.5H,0 [4], [Fe(phen)(HPO4)(H2PO,)]-
0.5H,O [5i], and [Cd(phen)(H,PO,),]- H,O.? The 2-D
layers in 2 consists of 4- and 12-membered rings. Each 4-
membered ring is formed of two Fe(1)O4N, octahedra and
two H,P(2)O4 tetrahedra. The 4-membered rings are
connected by HP(1)O4 groups such that layers with 12-
membered rings are formed. Compound 2 is isostructural
with Ga(2,2'-bpy)(HPO4)(H,PO,) [5h].

3.1.3. Thermogravimetric analysis

As shown in Fig. 7, the TGA curve for 1 (dashed line)
shows a broad weight loss in several steps, which
commences gradually at ca. 250°C and is complete at
750 °C. The observed weight loss in the first step between
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Fig. 5. Structure of 2 viewed along the c-axis.

250 and 400 °C was 6.32% which is close to that calculated
for the loss of 1.5 H,O molecules per formula unit (6.67%)
due to the condensation of hydrogen phosphate groups.
The final decomposition products are Fe,(P,O7); (JCPDS:
36-0318) and Fe(POs3); (JCPDS: 38-109), as indicated from
powder X-ray diffraction. The total weight loss between 40
and 900 °C is 45.79% which is close to the calculated value
of 45.23% according to the following equation:

6Fe(2, 2,)(HPO4)(H2PO4) — Fe4(P207)3 + 2FC(PO3)3
+ 6 CjoHgN, + 9H,0.

The XRD pattern of a sample that has been heated at
200 °C in an oven for 8 h shows that the structure of 1 is
maintained.

The TGA curve for 2 (Fig. 7, solid line) shows a broad
weight loss in several overlapping steps, which commences
at about 375°C and is complete at 800 °C. The observed
total weight loss and the final decomposition products are
the same as those for 1. The condensation of hydrogen
phosphate groups in 2 occurs at a much higher tempera-
ture. The XRD pattern of a sample that has been heated at
350 °C for 8 h shows that the structure of 2 is decomposed.

3.1.4. Magnetic susceptibility

The temperature dependence of y\7 and 1/yp curves,
where yp is the molar magnetic susceptibility, are shown in
Fig. S2. The ymT value decreases with decreasing
temperature, indicating that the main interactions between
Fe atoms in both compounds are antiferromagnetic (AF).

@ ri(HPO)
@ r2(H,P0,)
o o

Fig. 6. Schematic representation of a 1-D chain in 1 (top) and 2-D layer in
2 (bottom). The 2, 2’-bpy ligands are not shown.
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Fig. 7. Thermogravimetric analysis of 1 (dashed line) and 2 (solid line) in
flowing oxygen.

The effective magnetic moment at 300 K is 2.83 (yy7)"* =
5.73 ug/Fe for 1 and 5.67 ug/Fe for 2, which are in
agreement with the observed magnetic moment of
5.75 ug/Fe for Fel'F,(2,2"-bpy)(HPO,)>(H,0) [3]. The
magnetic susceptibilities above about 25K follow the
Curie-Weiss law with negative values of the Weiss
constant. The data from 25 to 300K were described by
the equation yM = C/(T — 0), where C = 4.50 cm’® K /mol
and 0 =—-298K for 1 and C=4.54cm’K/mol and
0 = —30.0K for 2. From the equation C = Ny.g/3kg, one
obtains an effective magnetic moment g per iron ion of
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6.00 ug for 1 and 6.03 ug for 2, which are consistent with
the value of 5.92 ug/Fe expected for spin-only and non-
interacting Fe® " ions. The yy versus T curves show peaks
at 16 K for both 1 and 2.

An important point to be noted is that the use of TEABr
in the synthesis process led to the structure of 1, whereas
attempts to synthesize the compound without TEABr
resulted in structure of 2. It is likely that TEABr could have
played a subtle role during the assembly of the secondary
building units into a chain structure. Such example is also
seen in Ga/phen/POy, system [4] and [Gas(OH),(C;oHyN>)
(C504)(PO4)4] - 2H,O [10], when LiBO, or 2-methylpiper-
azine is added, new structures can be obtained. Compound
2 is isostructural with Ga(2,2’-bpy)(HPO4)(H,PO,). At-
tempts to synthesize the gallium analog of 1 were
unsuccessful although TEABr was added in the reaction
mixture.

In summary, two polymorphs of an organic—inorganic
hybrid compound have been synthesized by hydrothermal
reactions. The synthesis has many parameters and a subtle
change in the reaction conditions can greatly affect the
course of the reactions. It appears that the addition of
tetracthylammonium bromide to the reaction mixture is
important to the formation of 1. Both polymorphs consist
of similar secondary building units which are extended into
3-D supramolecular arrays via hydrogen bonds and n—n
stacking interactions of 2,2'-bpy ligands. Polymorph 1
displays a chain structure, whereas 2 adopts a layer
structure. To our knowledge, it is the first example to
describe the polymorphs of a metal phosphate incorporat-
ing organic ligands. The M/bpy (or phen)/PO4 phases have
a rich structural chemistry. Further research on this
interesting system is in progress.

Supplementary materials

CIF file for 1 and 2 has been deposited with the
Cambridge Crystallographic Data center as Supplementary
publication no. CCDC-294094 & 294095. Other supple-
mentary data include magnetic susceptibility measurement
results and X-ray powder patterns.
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